The objective of this study was to investigate the effects of chop length and inoculation of barley silage on feeding behavior, rumen fermentation, and growth performance of finishing feedlot steers. Barley forage (22-35% DM) was chopped to a theoretical chop length (TCL) of either 1.0 (short chop; SC) or 2.0 cm (long chop; LC) and ensiled without or with an esterase-producing bacterial inoculant in a 2 × 2 factorial arrangement of treatments with TCL and inoculation as the main factors. The resultant silages were then incorporated into 4 finishing diets and fed to 80 feedlot steers (n = 20) housed in feedlot pens equipped with a GrowSafe system. Each pen consisted of 8 intact and 2 cannulated steers. Feeding behavior and ruminal pH were measured continuously using the GrowSafe system and ruminal indwelling pH probes, respectively. On average, inoculated silages had higher acetic acid concentrations and lower NDF concentrations. Increasing the TCL from 1.0 to 2.0 cm increased DMI by 0.5 kg/d (P = 0.001), but intake was unaffected (P = 0.56) by inoculation. Feed efficiency and ADG were not affected (P ≥ 0.46) by TCL, inoculation, or TCL × inoculation interaction. Steers fed LC silage exhibited a reduced eating rate compared to those fed SC silage (8.6 vs. 9.2 kg DM/h) and consequently spent more time (77.5 vs. 70.2 min/(visit•d)) at the feed bunk. Inoculation also reduced the area under the curve and duration of ruminal pH below 5.8, 5.5, and 5.2 for steers fed the LC diet but increased (P ≤ 0.003) these parameters for those fed the SC diet. It was concluded that incorporation of longer chopped silage into a finishing diet increased DMI, with responses of ruminal pH to inoculation differing between SC and LC silage. Increasing the TCL of barley silage from 1.0 to 2.0 cm may have no additional benefits to finishing feedlot operators as it did not improve rumen function or the growth performance of feedlot steers.
INTRODUCTION
Silage chop length can affect the ensiling process, DMI, rumen fermentation, and growth and milk production in cattle (Bhandari et al., 2008) . The interrelationships among DMI, rumen fermentation, and growth performance are also influenced by feeding behavior (Moya et al., 2011) . In western Canada, barley forage is typically chopped to a theoretical chop length (TCL) of approximately 1.0 cm to optimize ensiling (Addah et al., 2012a) . Decreasing the TCL of silage reduces chewing and salivation as well as fiber digestion (Soita et al., 2000) . In contrast, longer TCL stimulates chewing and salivation, thereby buffering ruminal pH. Consequently, increasing silage chop length is a dietary management practice that needs to be weighed against its implications for silage quality and digestibility.
With high-silage diets, constraints imposed by rumen distension may limit DMI and a reduction in TCL can increase DMI. However, in high-concentrate diets, DMI is limited more by metabolic than by physical constraints and the lower ruminal pH associated with these diets reduces ruminal fiber digestion (Krajcarski-Hunt et al., 2002) . A longer TCL would, therefore, be predicted to increase DMI if intake was limited by subacute acidosis (Leonardi et al., 2005) . However, this supposition has been inconsistent as an increase in TCL of silage has not affected (Soita et al., 2000) or even decreased (Leonardi et al., 2005 ) DMI of concentratesilage diets. If longer dietary fiber length reduces total tract fiber digestibility (Soita et al., 2002) , this negative impact may be reduced by inoculants that improve the digestibility of fiber in silage (Nsereko et al., 2008) . We hypothesized that increasing the TCL of barley silage and treating it with an esterase-producing inoculant would alter feeding behavior and reduce the incidence of acidosis in finishing feedlot steers.
The objective of this study was, therefore, to investigate the effects of barley silage TCL and inoculation with an esterase-producing inoculant on growth performance, feeding behavior, and rumen fermentation of finishing feedlot steers.
MATERIALS AND METHODS

Silage Production and Feed Sampling
Whole-crop barley (Hordeum vulgare L.) from a single field was harvested at the mid-dough stage of maturity (31% DM) and chopped to a TLC of either 1.0 (short chop; SC) or 2.0 cm (long chop; LC) on a single day. To minimize treatment differences in forage quality due to harvest location and time of harvest, alternate truckloads were harvested and delivered concurrently by 2 trucks to 2 separate Ag-Bag baggers (Ag-Bag; Miller-St. Nazianz, Inc. Co., St. Nazianz, WI) and compressed into Ag-Bags (3.0 by 45.7 m; AgBag International Ltd., Warrenton, OR).
Before being compressed into Ag-Bags, forage was sprayed with either distilled water (control) or distilled water containing 1.0 × 10 11 cfu/g of Lactobacillus buchneri LN4017 possessing ferulic acid esterase activity (Nsereko et al., 2008; Addah et al., 2012a) , 2.0 × 10 10 cfu/g of Lactobacillus plantarum LP710 9 , and 1.0 × 10 10 cfu/g of Lactobacillus casei LC3200 (Pioneer HiBred Ltd., Chatham, ON, Canada) at a combined rate of 1.3 × 10 5 cfu/g of fresh forage. The inoculant was applied at a rate of 1 L/t of fresh forage using an all-terrain vehicle sprayer (AG Spray Equipment, Hopkinsville, KY) with levels on the forage confirmed to be 2.8 × 10 5 cfu of lactic acid-producing bacteria per g through direct plating. Short-chop and LC forages were ensiled in 2 separate bags with the first half of each Ag-Bag being filled with control silage, after which the bag was sectioned and the second half was filled with inoculated forage. Sectioning the bags involved drawing lines on the outside of the bag and identifying a 2-m section of control silage that was used as a buffer zone between uninoculated and inoculated silages. Ag-Bag silos were opened after 311 d of ensiling and used to formulate 4 total mixed rations (TMR) that contained (DM basis) 85% dry-rolled barley grain, 10% barley silage (control SC, inoculated SC, control LC, or inoculated LC), and 5% beef supplement. Chemical composition and microbial counts associated with the silages are shown in Table 1 and the ingredient and chemical composition of the experimental diets are shown in Table 2 . Diets were formulated to meet or exceed the nutrient requirements of finishing steers (NRC, 1996) .
Experimental Design and Diets
Eighty Angus × Hereford crossbred steers with an initial mean BW of 495 ± 4.62 kg (mean ± SD) were randomly assigned to 1 of 4 treatments and allocated to 8 feedlot pens (17 by 12.7 m) in a 2 × 2 factorial design with TCL and inoculation as the main factors. This resulted in 10 steers per pen with 2 replicate pens per treatment. Each pen consisted of 8 intact and 2 cannulated steers. Steers were weighed on 2 consecutive days at the beginning (June 27 and 28, 2011) and end (October 13 and 14, 2011) of a 108-d feeding period. The mean of consecutive weights was used as initial and final weights, respectively. Steers were implanted with Component T-ES (Elanco Division of Eli Lilly Canada Inc., ON, Canada). Each implant contained 120 mg trenbolone acetate, 24 mg estradiol and 29 mg tylosin tartrate. Before the beginning of the experiment, steers were transitioned to a high-grain finishing diet (10% regular barley silage, 5% supplement, and 85% dryrolled barley grain) and maintained on this diet for 7 d before being assigned to treatments.
The experimental diet was prepared daily as a TMR and delivered to pens using a Beck 220 Mixer (Beck Implement, Inc., Elgin, MN). Steers were fed once daily at 0900 h until August 10, 2011 (43 d), and twice daily thereafter in 2 equal portions at 0900 and 1200 h until the end of the experiment (October 14, 2011; 65 d) . Feed intake of each steer was measured daily using the GrowSafe feeding system (GrowSafe Systems Ltd., Aidrie, AB, Canada) as previously described (Wierenga et al., 2010; Durunna et al., 2011; Mendes et al., 2011) . Each GrowSafe feed tub was cleaned of orts daily before feed was delivered.
Growth performance including ADG (total gain divided by 108 d) and feed efficiency, expressed as G:F, were estimated for the 108-d feeding duration. The DM of the diets delivered to the pens was used to calculate daily DMI for each steer as recorded by the GrowSafe system. The system in each pen consisted of 2 feeding units per pen and a data logging reader panel, which wirelessly broadcast data to a personal computer equipped with GrowSafe data acquisition software. Only a single animal was able to use each feed tub at a time. Each tub was balanced on 2 load bars to measure feed disappearance, and an antenna embedded in the rim of the tub identified each animal in the pen through a unique radio frequency identification transponder tag (Afflex; Allflex Canada, St Hyacinthe, PQ, Canada). Thus, the amount of feed consumed by each animal and its feeding behavior at each tub was recorded.
The protocol for the experiment was approved by the Animal Care Committee of Lethbridge Research Centre with care and management of steers following the guidelines of the Canadian Council on Animal Care (1997).
Sampling Procedure
Feed ingredients (silage, dry-rolled barley grain, and supplement) and experimental diets were sampled 1 Whole-crop barley silage was treated at ensiling without (control) or with a ferulic acid esterase-producing inoculant containing 1.0 × 10 11 cfu/g of Lactobacillus buchneri LN4017, 2.0 × 10 10 cfu/g of Lactobacillus plantarum LP7109, and 1.0 × 10 10 cfu/g of Lactobacillus casei LC3200 (Pioneer HiBred Ltd., Chatham, ON, Canada) at a combined rate of 3.0 × 10 5 cfu/g of fresh forage (inoculated).
2 Note that although 4 samples were collected from each bag over the duration of feed out, the inability to produce replicated field scale bags across treatment precluded statistical analysis.
3 ND = not detectable (silage diluted to 10-1). Whole-crop barley silage was treated at ensiling without or with a ferulic acid esterase-producing inoculant containing 1.0 × 10 11 cfu/g of Lactobacillus buchneri LN4017, 2.0 × 10 10 cfu/g of Lactobacillus plantarum LP7109, and 1.0 × 10 10 cfu/g of Lactobacillus casei LC3200 (Pioneer Hi-Bred Ltd., Chatham, ON, Canada) at rate of 3.0 × 10 5 cfu/g of fresh forage.
2 Barley grain was dry rolled with processing index monitored weekly to achieve an average index of 82.2 ± 1.59% during the experiment. 3 The supplement contained (% DM) ground barley grain (56.3), canola meal (10.0), calcium carbonate (25.0), beet molasses (2.5), salt (3.0), urea (2.0), feedlot vitamin-mineral premix (1.0), vitamin E (0.066), and monensin sodium (Rumensin-80; 2.24; Elanco Animal Health, Indianapolis, IN).
4 From Zinn (1992) and NRC (1984).
weekly for DM determination whereas the orts were sampled daily. The silages, diets, and orts were then composited monthly (28 d) and stored (-40°C) for subsequent estimation of particle size distribution and for chemical analysis. The DM of the ingredients measured weekly was used to adjust the level of inclusion of each ingredient in the TMR for that week of the feeding trial.
Silage samples were obtained 322, 371, and 406 d after ensiling by compiling samples collected from 5 locations along the face of each silo (2 at the bottom, 2 at top, and 1 in the middle). Whole and processed barley grains were sampled weekly for measurement of processing index as described by Beauchemin et al. (2001) . The processing index of the barley grain was monitored weekly and adjusted to achieve a level of 82.2 ± 1.59%. Particle size distributions of subsamples (approximately 1 kg) of the experimental diets, silage, and orts composited monthly (28 d) were determined using the Penn State Particle Separator (PSPS; Lammers et al., 1996) as modified by Kononoff et al. (2003a) . Particle size was measured in duplicate for each sample. Approximately 150 g of wet sample was placed on the top screen of the PSPS and it was shaken a total of 40 times (5 times in 4 directions, twice; Kononoff et al., 2003b) over 18 cm on a smooth flat surface. Physical effectiveness factor (PEF) was expressed as the sum of the proportion of diet, silage, or orts DM retained on the 19-and 8-mm screens of the PSPS. Physically effective NDF (peNDF) of the diets was calculated by multiplying the respective PEF with the NDF content of the diet (Yang and Beauchemin, 2006) .
Feed Intake and Feeding Behavior
The GrowSafe electronic system recorded and stored the following data for each steer for each feeding event: 1) feed consumed (g), 2) feeding duration (s), 3) interfeeding interval (s), and 4) head-down time (HDT; s). A feeding event was defined as a visit to the bunk followed by an absence from the bunk or an uninterrupted detection of the transponder of another steer for 300 s or greater (Basarab et al., 2003; Nkrumah et al., 2007) . The sum of feed consumed for each steer per each feeding event in a day was used to estimate average daily DMI per steer. Dry matter intake per steer was then estimated as the amount of feed disappearing from the feed bin as recorded by the GrowSafe system multiplied by the respective DM of the TMR, determined as described above. Feeding duration was the total time spent during a feeding event and was calculated as the time difference between the first and last reads of the radio frequency identification tag of each steer for each feeding event. Head-down time was calculated as the number of times the radio frequency identification tag of a steer was read multiplied by the system scanning time (1 s). Feeding rate was calculated by dividing the daily amount of feed consumed by the feeding duration; HDT per feeding duration was calculated by dividing the daily HDT by the daily feeding duration whereas the HDT per visit (HDTV) was calculated by dividing the daily HDT by the daily feeding frequency (Durunna et al., 2011) . Feeding frequency or the daily number of visits to the feed tub was calculated as the total number of feeding events in a day. All data on DMI and feeding behavior were summed for each day for each steer over the 108 d of feeding.
Ruminal Sampling and pH Measurement
The 2 rumen cannulated steers in each pen were used for the measurement of rumen pH and fermentation parameters. Ruminal contents were collected every 2 wk from the reticulum, ventral, caudal, and dorsal-ventral sac of the reticulorumen of each steer just before the morning feeding (0800-0930 h) and before insertion of an indwelling LRCpH meter (Dascor, Inc., Escondido, CA; Penner et al., 2006) into the rumen Addah et al., 2012b) . After 5 d, the loggers were removed just before the morning (0800-0930 h) feeding and the data were downloaded. Rumen contents were also sampled at this time as described above. Rumen contents from each steer were combined, thoroughly mixed, and strained through 2 layers of PECAP nylon (Sefar Canada Inc., Ville St. Laurent, Canada). Strained fluid was used for determination of VFA and ammonia-N (NH 3 -N) concentration. Samples were stored at -20°C until analyzed for VFA, lactate, and NH 3 -N as described below.
The pH data logger was retained in the ventral sac by a 0.5-kg sealed stainless steel weight and anchored by 60 cm of cable connected to the ruminal cannula plug. Before insertion, electrodes were calibrated using pH 4 and 7 buffers and the loggers were programmed to record ruminal pH every minute for the 5-d interval. As the loggers were inserted at 14-d intervals for a 5-d period, only DMI coinciding with the period of pH measurement and rumen fluid collection were used to investigate relationships between rumen fermentation, pH, and DMI of the cannulated steers.
Laboratory Analyses
For chemical analyses of silage samples, 15 g of fresh silage was mixed with 135 mL of distilled water. This mixture was blended in a Waring blender (Waring Commercial, Torrington, CT) for 30 s at the highest speed and filtered through 2 layers of cheesecloth. The pH of the filtrate was measured immediately with a Symphony pH meter (VWR International LLC, Mississauga, ON, Canada). The filtrate was then divided into 2 portions. The first portion was immediately boiled for 10 min to halt fermentation and stored at -20°C for subsequent analysis of water-soluble carbohydrates (glucose equivalent) according to the Nelson-Somogyi procedure (Nelson, 1944) using an Appliskan 1.437 (SkanIt Software 2.3 RE) microplate reader (Thermo Scientific, Hudson, NH).
The second portion of the filtrate was stored on ice until centrifuged for 15 min at 10,000 × g (at 4°C). The supernatant was collected for analysis of VFA, lactic acid, and NH 3 -N. For determination of VFA, 1.5 mL of the supernatant fluid was deproteinized with 0.3 mL of 25% (wt/vol) metaphosphoric acid, combined with 0.2 mL of 0.1 M crotonic acid as an internal standard, and analyzed using a Hewlett-Packard model 5890A Series Plus II gas-liquid chromatograph (Hewlett-Packard Co., Palo Alto, CA). The chromatograph was equipped with a 30-m Zebron free fatty acid phase fused silica capillary, 0.32 mm i.d., and 1.0-μm film thickness column (Phenomenex, Torrance, CA). For lactic acid, 400 μL of the deproteinized sample was combined with 50 μL of 3 mM malonic acid (5 mg/mL) as an internal standard. Lactic acid was methylated and then quantified using the method of Kudo et al. (1987) with the same chromatography system. To determine NH 3 -N, 1.6 mL of the supernatant was combined with 0.15 mL of 65% (wt/ vol) trichloroacetic acid and analyzed by the phenolhypochlorite method described by Broderick and Kang (1980) . The same protocols were used for determining VFA, lactic acid, and NH 3 -N in rumen fluid.
Dry matter of fresh silage samples and diets was determined by drying at 60°C for 48 h in a forced-air oven. Organic matter was determined by ashing samples (1 g) in a muffle furnace at 550°C for 5 h. Subsamples of fresh silage and diets were stored at -20°C and subsequently lyophilized before being ground through a 1-mm screen prior for analysis of NDF and ADF using an Ankom 200 system (Ankom Technology Corporation, Fairport, NY). Neutral detergent fiber was analyzed with the addition of sodium sulfite and α-amylase and expressed inclusive of residual ash whereas ADF was analyzed without α-amylase and expressed inclusive of residual ash. Acid detergent insoluble nitrogen was measured as described below for CP analysis.
To estimate starch, lyophilized silage and diet samples were ball-ground using a Retsch MM 400 mill (Verder Scientific Inc., Newtown, PA). Starch was determined by hydrolyzing α-glucose polymers using a mixture of amyloglucosidase (Megazyme International Ltd., Wicklow, Ireland) and 1,4-α-D-glucan glucanohydrolase (Brennfag Canada Inc., Toronto, ON, Canada) as described by Herrera-Saldana et al. (1990) . Samples were read on a Thermo Scientific Appliskan 1.437 (SkanIt Software 2.3 RE) microplate reader (Thermo Scientific) at a wavelength of 490 nm. Ball-ground samples (5 mg) were also subject to combustion analysis for total N (Dumas Nitrogen) using an NA1500 Nitrogen/ Carbon analyzer (Carlo Erba Instruments, Milan, Italy) with CP calculated as N × 6.25.
For microbiological analyses, fresh silage samples (10 g) were added to 90 mL of sterile 70 mM potassium phosphate buffer (pH 7.0). The mixture was agitated for 60 s at 260 rpm in a Stomacher 400 Laboratory Blender (Seward Medical Limited, London, UK). The suspension was serially diluted (10-2 to 10-7) and 100-μL aliquots of each dilution were spread in triplicate onto semiselective lactobacilli media (de Man-Rogosa-Sharpe [MRS]; Oxoid Ltd., Basingstoke, Hampshire, UK) for the enumeration of lactic acid-producing bacteria (Hill and Hill, 1986) and onto Sabouraud's dextrose agar (SDA; Difco Laboratories Inc., Detroit, MI) for the enumeration of yeasts and molds. Lactobacilli MRS agar was amended with 200 μg/mL of cycloheximide (Sigma-Aldrich, St. Louis, MO) and SDA was amended with 100 μg/mL each of tetracycline and chloramphenicol. Lactobacilli MRS agar plates were incubated at 37°C for 24 to 48 h and SDA plates were incubated at ambient temperature for 72 h. Colonies were counted from plates containing a minimum of 30 and a maximum of 300 colonies.
Calculations and Statistical Methods
Before insertion and after removal of the pH electrode from the rumen, the millivolt reading of each pH electrode was recorded in pH 4 and 7 buffer solutions at 39°C. The pH data of each steer was then summarized into 24-h minimum, maximum, and mean pH and duration (time [h]), area (pH × time), and area under the curve (AUC) per DMI for pH thresholds of 5.8, 5.5, and 5.2 using PROC MEANS of SAS (SAS Inst. Inc., Cary, NC) before being subject to ANOVA using the MIXED procedure of SAS. Ruminal pH data was analyzed by repeated measures analysis as a TCL × inoculant × hour interaction with hour as a repeated measure and steer as the subject. Five covariance structures (heterogeneous compound symmetry, autoregressive order 1, heterogeneous autoregressive order 1, unstructured, and unstructured order 1) were evaluated, with the covariant structure yielding the smallest of Akaike's information criteria and Bayesian information criteria values being selected. Covariance analysis of ruminal VFA concentrations was done similarly, including TCL, inoculant, and sampling day in the model, with sampling day as a repeated measure and steer as the subject. However, as sampling day was not significant, it was removed from the model and the data was reanalyzed with TCL and inoculant as the sole main effects.
A bout of subacute ruminal acidosis was defined as ruminal pH below 5.5 for ≥12 h within a day whereas acute ruminal acidosis was defined as ruminal pH below 5.2 for ≥6 h within a day (Wierenga et al., 2010) . For graphical illustrations of pH fluctuations, pH data was averaged over 30-min intervals over the course of each day.
Data on DMI and growth performance (weight gain, ADG, and G:F) and feeding behavior of individual steers were analyzed using the PROC MIXED procedure of SAS for the fixed effects of TCL, inoculation, and TCL × inoculation interaction as a completely randomized design with steer as the experimental unit as steers were individually weighed and the GrowSafe system generated intake information for each steer (Sowell et al., 1998; Bingham et al., 2009) . Initial animal weight was used as a covariate in the model.
Differences among least squares means for all fixed effects were declared statistically significant at P ≤ 0.05.
RESULTS AND DISCUSSION
Fermentation and Physical Characteristics of Silages
Silages were well fermented, achieving a terminal pH of 4.33 to 4.36, with molds being undetected after 311 d of ensiling and inoculated silages exhibiting the heterolactic fermentation characteristics of L. buchneri (Table 1) . Acetic acid concentration was 4.6% of DM in inoculated SC silage and 2.4% of DM in SC control silage. In LC silage, the acetic acid concentration was 5.4% of DM for inoculated silage and 1.6% of DM for the control silage. Consequently, the ratio of lactic to acetic acid was lower for inoculated than control silages. Similarly, yeast populations were lower in both inoculated SC and LC silages. The increase in acetic acid concentration in both inoculated SC and LC silages was consistent with previous studies (Nsereko et al., 2008; Addah et al., 2012a,b) with L. buchneri. Concentrations of NDF were reduced by 11.4 and 6.8% in inoculated SC and LC silages, respectively, compared to the respective control silages (Table 1 ). This apparent reduction in NDF concentration of inoculated silages may be reflective of the esterase activity possessed by L. buchneri. Ferulic acid esterases can hydrolyze feruloylated polysaccharides and release sugars (Krueger et al., 2008) , resulting in a reduction in NDF concentration. However, the present results contrast with our previous studies (Addah et al., 2012a,b) and that of others (Nsereko et al., 2008) where NDF concentration was increased by ferulic acid esterase-producing L. buchneri. Crop maturity, duration and method of ensiling, oxygen exposure, and loss of non-NDF DM during ensiling may all impact the NDF concentration in silage. Starch content was also greater for inoculated compared to control LC and SC silages, but this difference was not observed in the experimental diets, likely due to the fact that the majority of starch in the diet was associated with the barley grain in the TMR.
Increasing the TCL of barley silage from 1.0 to 2.0 cm increased the proportion of particles retained on the 19-mm screen of the PSPS from an average of 6.75 to 19.7% (Table 3 ). The largest portion of silage was retained on the 8-mm screen, with this amount being greater for SC silage compared to LC silage (approximately 63.8% vs. approximately 53.9%). The particle size distribution of the SC and LC silages were similar to those reported by Einarson et al. (2004) for barley silage chopped at 1.0 or 2.0 cm, respectively. The proportion of silage DM retained on the 19-mm screen and the PEF for the inoculated silages was lower than for controls (Table 3 ). The PEF for the SC silage averaged 68.1% but was 74.2% for LC silage. Eun et al. (2004) reported a PEF of 76% for barley silage chopped to approximately 1.0 cm. Esterase activity in inoculated silage may have also contributed to a reduction in the retention of silage particles on the 19-mm screen due to the apparent loss of soluble fiber as evidenced by the reduction in NDF concentration with inoculation (Table 1) .
Chemical and Physical Characteristics of Diets
All diets were similar in chemical composition (Table 2) , but there were obvious differences in the physical characteristics of the diets as reflected by differences in silage chop length (Table 3) , reducing the TCL of barley silage reduced the peNDF of the diet from 10.7 to 7.2% DM, with this parameter being numerically lower for inoculated silage. The peNDF values observed in this study were similar to those observed by Beauchemin and Yang (2005) for corn silage chopped at similar TCL. Dietary peNDF is a measure of physically effective fiber and a reduction of peNDF reduces eating and ruminating time and increases ruminal VFA and propionic acid concentration, likely as a result of less saliva production (Soita et al., 2000; Beauchemin and Yang, 2005) . With high-concentrate feedlot diets, this relationship may also increase the incidence of subclinical acidosis in feedlot cattle.
The proportions of DM retained on the 19-mm screen for the TMR and orts were generally similar, suggesting that minimal sorting of the TMR occurred during consumption. A greater proportion of the TMR (89-92%) was retained on the 1.18-mm screen, a reflection of the high grain content of the diet. Koenig and Beauchemin (2011) found that 91.4% of a barley grain-based finishing diet was retained on the 1.18-mm screen when barley silage was chopped to a con-ventional length (approximately 1.0 cm) and included at 15% (DM basis) in a finishing diet. There is debate on the minimum particle length that is physically effective for cattle. Lammers et al. (1996) proposed that the proportion of DM retained on the 19-and 8-mm screens reflects physical effectiveness in stimulating chewing and rumination activity. Kononoff et al. (2003a) added a third screen to the PSPS and proposed that those particles that passed through 19-and 8-mm screens but were retained on a 1.18-mm screen also were physically effective. The modified version of the PSPS has since been widely used for measuring the physical effective NDF of forages, even though others (Yang and Beauchemin, 2006) have suggested that the original PSPS with 2 screens (19-and 8-mm) is the preferred system for estimating peNDF.
Feed Intake and Growth Performance
Increasing the TCL of barley silage from 1.0 to 2.0 cm increased DMI by 0.5 kg/d (P = 0.001), but inoculation did not affect (P = 0.56) DMI (Table 4) . The general supposition of the effect of TCL has often been that increasing TCL will reduce passage rate and thereby reduce DMI. This response reflects the fact that smaller particles have a greater surface area available for microbial attachment and biofilm formation and are digested at a faster rate and their smaller size leads to an increase in passage rate (Soita et al., 2002) . However, this relationship may be more applicable to high-forage as opposed to high-concentrate diets. With high-grain finishing diets, intake may be limited more by acid accumulation in the rumen than by the physical constraints of rumen fill on intake. The low ruminal pH associated with high-grain diets can decrease DMI through a reduction in the rate of fiber digestion (Krajcarski-Hunt et al., 2002) . The metabolic effects of low ruminal pH on DMI can be reduced by increasing forage TCL to stimulate saliva production and enhance the buffering of acid in the rumen. This practice can lead to ruminal conditions that are more favorable for fiber digestion and result in an increase in DMI (Oba and Allen, 1999) . Greater DMI has been previously reported for steers fed high-concentrate diets containing long-chopped forage compared to those containing short-chopped forage (Kononoff et al., 2000; Krause and Combs, 2003) . Given this relationship, Leonardi et al. (2005) suggested that at low ruminal pH, longer particle size can have a positive effect on DMI whereas at higher ruminal pH, it may reduce it. Soita et al. (2003) fed a high-concentrate (80% DM) diet and observed that reducing the TCL of barley silage from 1.88 to 0.47 cm increased passage rate but decreased NDF digestibility and DMI of steers, possibly because of an increase in the severity of acidosis. In other studies, DMI was decreased (Leonardi et al., 2005; Kononoff et al., 2003b) , unaffected (Soita et al., 2000) , or differed among forage types (Bhandari et al., 2008) when particle length was increased.
Average daily gain and efficiency of gain were not affected by TCL, inoculation, or TCL × inoculation interaction (P ≥ 0.46; Table 4 ). Some studies have demonstrated that short-term feeding behavior of feedlot steers may be influenced by the energy balance status of the animal, defining when the next feeding event will occur and how long an animal will actually spend eating, with these complex interactions ultimately affecting overall energy metabolism and meat quality in steers (Nkrumah et al., 2007) . Using video to monitor feeding behavior, Bingham et al. (2009) observed that the most efficient heifers spent more time feeding but ate at a slower rate than those that were less efficient. However, Schwartzkopf-Genswein et al. (2002) 1 Whole-crop barley silage was treated at ensiling without (control) or with a ferulic acid esterase-producing inoculant containing 1.0 × 10 11 cfu/g of Lactobacillus buchneri LN4017, 2.0 × 10 10 cfu/g of Lactobacillus plantarum LP710 9 , and 1.0 × 10 10 cfu/g of Lactobacillus casei LC3200 (Pioneer Hi-Bred Ltd., Chatham, ON, Canada) at a combined rate of 2.8 × 10 5 cfu/g of fresh forage (inoculated).
3 PEF = physical effectiveness factor. This is the sum of the proportion of NDF retained by the 19-and 8-mm Penn State Particle Separator screens.
4 peNDF PSPS8 = physically effective NDF. This was defined as the sum of the proportion of DM retained by the 19-and 8-mm screens of the Penn State Particle Separator, multiplied by dietary NDF content.
gested that feeding duration and DMI were positively correlated and concluded that more efficient animals spent less time at the feed bunk. In this study, there was significant TCL × inoculation interaction for feeding frequency, eating duration, eating rate, and the HDTV (Table 5) . Given the volume of data collected by the GrowSafe system over the feeding period, TCL × inoculation (P ≤ 0.02) interactions were common (Table  5) , but their biological meaningfulness is unclear. None of the feeding behavioral differences identified appeared to be associated with alterations in ADG or feed efficiency of steers. Regardless of diet, steers had about 20 meals per d with one of the most notable differences being that the eating duration was longer for diets containing LC than SC silage (Table 5 ). This may be a reflection of the greater intake of steers fed the diets containing LC silage. Few studies have assessed the effect of silage inoculants on the growth performance of finishing feedlot cattle. In the one study that we could identify, inoculation of corn silage with a homolactic lactobacilli inoculant resulted in a reduction in DMI and ADG of finishing steers (Schaefer et al., 1989) .
There may be other tangential benefits associated with increasing the TCL of forage during harvest. Fuel costs can account for about 12% of the production costs of barley silage (MAFRD, 2014 ). An assessment of the effects of forage TCL on fuel usage by different brands of forage harvesters commonly used in North America also suggested that increasing the TCL from 1.17 to 1.7 cm during harvest decreased fuel usage by as much as 53% (Marsh, 2013) . Using the mathematical model of Tremblay et al. (1990) for calculating the total horsepower required to operate a cylinder-type forage harvester, the reduction in TCL from 1.0 to 2.0 cm in the current study would be expected to reduce power consumption by about 5%. Therefore, even though there appeared to be no effect of TCL on the growth performance of feedlot cattle, there may be cost savings associated with the harvesting of barley silage at a longer TCL.
Ruminal pH, Fermentation, and Feeding Behavior
An inoculant and TCL × inoculation interaction (P = 0.001) was observed for mean ruminal pH with pH being higher for inoculated LC silage than control LC silage, whereas it was lower for inoculated SC silage than control SC silage (Table 6 ). Inoculant × TCL interactions (P ≤ 0.03) were also observed for the minimum, maximum, and SD of mean pH. Diurnal variations in ruminal pH as indicated by the SD of mean pH was increased by inoculating both SC and LC silages (P = 0.001), but the difference between the control SC and LC silages was not significant (P = 0.21). The effect of TCL on DMI was consistent in both cannulated and intact steers, with those fed the SC silage being lower (P = 0.001) than those fed LC silage. The area and duration of pH under thresholds 5.8, 5.5, and 5.2 for steers also exhibited a TCL × inoculation interaction (P = 0.001) and were less for inoculated LC silage but higher for inoculated SC silage. The AUC per DMI for steers on the inoculated LC diet was also consistently less (P ≤ 0.003) for pH thresholds 5.8, 5.5, and 5.2 but higher for those on the inoculated SC diet (Table 6 ). These results suggest that when applied to silage, the inoculant may increase digestibility of the SC silage to a greater extent (Nsereko et al., 2008; Addah et al., 2012b) than the LC silage, possibly because of the larger surface area of SC silage compared to LC silage. The lower DMI for steers fed SC diets is, therefore, consistent with the negative effects of lower ruminal pH on DMI.
There is a debate with regard to the appropriate threshold pH for defining subacute ruminal acidosis. Schwartzkopf-Genswein et al. (2003) proposed that subacute ruminal acidosis occurs when pH is below 5.8 for more than 12 h, whereas others proposed durations of 3 (Gozho et al., 2005) or 10 h (Krajcarski-Hunt et al., 2002) below pH 5.6. In this study, a bout of subacute ruminal acidosis was defined as ruminal pH below 5.5 for ≥12 h within a day (Wierenga et al., 2010) . On this basis, the incidence of subacute or acute ruminal acidosis did not differ among treatments (P ≥ 0.05; Table 6 ) as the variability among treatments was high and individual animals experienced bouts of acidosis across all diets. Even though DMI was greater for steers on the LC diet, the rate of feed intake was much greater (9.2 kg DM/h) for the SC diet than the LC diet (8.6 kg DM/h; Table 5 ). This may appear to be inconsistent with DMI; however, a faster ingestion of a high-grain diet (85% DM) will often lead to rapid fermentation and production of ruminal organic acids, which in turn depress digestion and feed intake. Patterns of feeding behavior could also affect DMI. The results suggest that LC steers spent more time (77.5 vs. 70.2 min/visit•d) at bunks than those fed SC but ate more slowly (8.6 kg DM/h; Table 5 ). This may be due to more time required for chewing long forage particles compared to the time required for chewing short forage particles during eating (Kononoff et al., 2003b) . Mooney and Allen (1997) reported that LC alfalfa silage (1.14 cm) was ingested more slowly and required more chews per unit of DM compared to SC alfalfa silage (0.58 cm). Chewing time has also been shown to increase linearly with increasing peNDF (Yang and Beauchemin, 2006) . Moya et al. (2011) similarly reported that heifers could increase their intake without negatively affecting rumen function by distributing daily intake more evenly over the duration of the day, allowing for intermittent periods of rumination and salivation. Slower feeding rate has also been attributed to longer chewing and rumination times for diets containing longer forages (Greter et al., 2008; Soita et al., 2000) .
The daily number of meals was lower (P = 0.02) for steers fed inoculated compared to the control SC diets, but the number of meals between inoculated and control LC diets did not differ (P = 0.32). Feeding duration was also lowest for the inoculated SC diet compared to the other diets, but inoculated and control LC diets did not differ (P = 0.17). The rate of eating was highest for the inoculated SC diet and lowest for control SC and LC diets (P = 0.001), but control SC and LC diets did not differ (P = 0.54). The eating rate was lowest for the inoculated LC diet. Reducing the TCL from 2.0 to 1.0 cm decreased (P = 0.001) the HDT from 38.6 to 32.2 min/d, whereas inoculation reduced (P = 0.001) it from 39.3 to 34.5 min/d. Head-down time per feeding duration of steers was reduced (P = 0.001) by inoculation of both SC and LC silages and increased by increasing the TCL. The increased feeding duration and slower eating rate observed for LC diets suggest increased chewing activity and possibly saliva production, which could buffer ruminal pH. This is consistent with the shorter duration pH remained ≤5.2 in inoculated LC silage and the greater DMI observed for steers fed LC diets.
In the current study, the maximum duration between consecutive electronic identification (EID) recordings used to initiate a feeding event was set by system default at 300 s. A feeding event was terminated when the EID of the same animal was detected at another feed bunk or when the EID of another animal was detected at the same feed bunk or when the interval between 2 consecutive EID readings for the same feed bunk exceeded 300 s in an uninterrupted feeding event (Basarab et al., 2003; Nkrumah et al., 2007; Mendes et al., 2011) . A greater (P = 0.001) HDT for steers on the LC diet suggest that these animals spent more time eating at the bunk than those fed the SC diet. Consequently, meal duration and HDT have been found to have a positive correlation with DMI; the longer animals spend at the feed bunk, the more feed they consume, but this parameter was unrelated to feed efficiency (Nkrumah et al., 2007) . The slight reduction in NDF concentration of the inoculated silages and accompanying lower peNDF of the corresponding diets also suggest that steers spent less time masticating to reduce silage particles; therefore, the HDT and HDTV were lower for steers fed these diets. Video recordings of feeding behavior have shown that cattle may spend substantial amounts of time standing with their heads in the Table 5 . Effect of finishing diets containing short-chop (1.0 cm) or long-chop (2.0 cm) control and inoculated 1 whole-crop barley silage on the feeding behavior of feedlot steers (n = 20) a-c Within a row, means without a common superscript letter differ (P < 0.05).
1 Whole-crop barley silage was treated at ensiling without (control) or with a ferulic acid esterase-producing inoculant containing 1.0 × 10 11 cfu/g of Lactobacillus buchneri LN4017, 2.0 × 10 10 cfu/g of Lactobacillus plantarum LP710 9 , and 1.0 × 10 10 cfu/g of Lactobacillus casei LC3200 (Pioneer HiBred Ltd., Chatham, ON, Canada) at a combined rate of 2.8 × 10 5 cfu/g of fresh forage (inoculated).
2 TCL = theoretical chop length. Table 6 . Effect of finishing diets containing short-chop (1.0 cm) or long-chop (2.0 cm) control and inoculated 1 whole-crop barley silage on daily ruminal pH and the incidence of subacute and acute acidosis in ruminally cannulated feedlot cattle (n = 4) a-c Within a row, means without a common superscript letter differ (P < 0.05).
2 TCL = theoretical chop length.
3 AUC = area under the curve. a,b Within a row, means without a common superscript letter differ (P < 0.05).
1 Whole-crop barley silage was treated at ensiling without (control) or with a ferulic acid esterase-producing inoculant containing 1.0 × 10 11 cfu/g of Lactobacillus buchneri LN4017, 2.0 × 10 10 cfu/g of Lactobacillus plantarum LP7109, and 1.0 × 10 10 cfu/g of Lactobacillus casei LC3200 (Pioneer HiBred Ltd., Chatham, ON, Canada) at a combined rate of 2.8 × 10 5 cfu/g of fresh forage (inoculated).
feed tub but not eating (Bingham et al., 2009) . Recently, various authors (Nkrumah et al., 2007; Golden et al., 2008; Durunna et al., 2011) have identified relationships between feeding behavior and residual feed intake with the behaviors reported by Nkrumah et al. (2007) and Golden et al. (2008) being similar to those documented in the present study. Inoculation reduced (P = 0.05) the ruminal molar proportion of propionate in steers fed the LC diet; however, the concentration in steers fed the SC diet was not affected (P = 0.76) by inoculation, with neither SC diet differing (P ≤ 0.06) from the control LC diet (Table 7) . The pattern of isovaleric and butyric acid concentrations were similar to that observed for propionic acid.
Theoretical chop length, inoculation, and TCL × inoculation interaction did not affect the concentration of ruminal total VFA (P ≥ 0.18) or ammonia (P ≥ 0.11; Table 7 ). The lack of effect of TCL on these parameters is consistent with other findings when the TCL of corn (Bal et al., 2000; Yang and Beauchemin, 2006) , barley (Soita et al., 2002) , and alfalfa/oats (Bhandari et al., 2008) silages was varied. However, in other studies, total VFA concentrations were altered (Soita et al., 2003) by varying the TCL. Single samples were collected in the morning before feeding for VFA analysis, as it was impractical to sample feedlot steers at hourly intervals within the feedlot. Molar proportions of VFA, therefore, reflect only residual concentrations indicative of differential rates of VFA production and absorption in the rumen and do not reflect the fermentation pattern of the diets after feeding. Continuous measurement of ruminal pH gave a more clear indication of fermentation patterns as demonstrated by the shift in ruminal pH when cattle were switched from once a day to twice a day feeding (Fig. 1) . Moya et al. (2011) continuously measured ruminal pH with indwelling pH probes and collected rumen samples from finishing steers that were allowed to self-formulate concentrate diets and found no effects in total VFA or molar proportions of VFA despite there being variation in ruminal pH among individuals.
Steers fed a finishing feedlot diet containing barley silage with a TCL of 2.0 cm had an increased intake of 0.5 kg compared to those fed the same diet containing barley silage with a TCL of 1.0 cm. This increased intake coincided with steers eating more slowly, therefore reducing the effect of rapid fermentation and organic acid production on DMI. Inoculation of the LC barley silage reduced the degree of ruminal pH decline in steers but increased it with SC barley silage. However, this decline did not result in differences in the bouts of subclinical or clinical acidosis as defined in this study. Inoculation also reduced HDT and head-down time per feeding duration for steers fed diets containing either LC or SC silage. Inoculation, TCL, and TCL × inoculation interaction did not affect growth performance. Barley silage could, therefore, be chopped to 2.0 cm before ensiling without adverse effects on silage fermentation or the growth performance of feedlot cattle, with no measurable improvement in rumen function. Figure 1 . Effects of chop length and inoculation of barley silage on ruminal pH in steers fed a finishing diet. Steers were fed once (a; 43 d) and twice daily (b; 65 d) starting at 0900 h with the arrow indicating the time of the second feeding. Whole-crop barley silage was treated at ensiling without (control) or with a ferulic acid esterase-producing inoculant containing 1.0 × 10 11 cfu/g of Lactobacillus buchneri LN4017, 2.0 × 10 10 cfu/g of Lactobacillus plantarum LP7109, and 1.0 × 10 cfu/g of Lactobacillus casei LC3200 (Pioneer Hi-Bred Ltd., Chatham, ON, Canada) at a combined rate of 2.8 × 10 5 cfu/g of fresh forage (inoculated). Standard error bars are embedded within symbols.
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